ABSTRACT
Introduction
The slotted holes are used in bolted connections of steel structures to compensate the tolerances during the erection, to allow one type of endplate for more connected members and to enable a slip in joint. Preloading of the bolts may prevent deformation of the connection in direction of the slot. Even smooth tightening of the non-preloaded bolts reach up to 20% of the tensile resistance of the bolt and together with the corrosion pretends structural use of the slip in the joint. The Fig. 1 shows the main difference of behaviour of bolts in slotted holes perpendicular to acting force compare to the bolts in circular holes -lower resistance and stiffness as well as higher deformation capacity of the connection.
Drilling, punching, or gas and plasma cutting form the holes. Punching of the holes in steelwork is faster than drilling but cracks may appear in the material. The holes are not punched to full size but 2 mm less in diameter and then reamed. New punching machines, which operate at high speeds, induce less distortion in the material, and it is expected that punching will be used extensively in the future. The punching is approved for material up to 25 mm in thickness provided that the hole diameter is not less than thickness of the material, if there is no other specification. The burrs should be removed from the holes before the assembly. It can be omitted when the holes are drilled in one operation through parts clamped together which would not be separated after drilling. The gas and plasma cutting may also form the holes. In this case, similarly to fast drilling/punching, influence on material properties has to be studied experimentally. At CRIF Liege assemblages with more bolts has been tested, see [4] . The plates were connected with bolts in each hole of the plate made by different technology. Very long slotted holes were experimentally investigated at University of Nottingham, see [5] . The behaviour of each particular component was observed in test at the Czech Technical University of Prague, see [1] . The double cover plates were used with only one bolt in an internal/external position. The tests results of bolted connections of the curtain wall connections with slots at different inclination compare to the acting force [6] are concluding the presented findings. The experiments with aluminium connections are available in the study by Gitter [7] . The study exhibits similar results, because the main structural disadvantage of low ductility of aluminium alloys is reduced by slotted holes with higher deformation capacity, see Fig. 1 . The design prediction model of stiffness, resistance, and deformation capacity by component method prepared at Czech Technical University with cooperation of Université B. Pascal -Clermont Ferrand is presented.
DESIGN RESISTANCE
Resistance of bolted connections loaded by shear force in plane of the plates is limited by failure of bolts in shear and in bearing. When the high strength friction bolts are used and no slip is allowed, bearing resistance is checked at ultimate limit state to eliminate the end shear failure. The bearing resistance represents the resistance of internal and external bolts in most design procedures. Based on experimental evidence, shear and bending type of failure may be recognised on the bearing failure. The bearing resistance is reduced in case of the slotted holes. The reduction factor for resistance applied in draft of European standard EN 1993-1-8 (2002) is based on latest experiments, see [3] . The tests were carried out not only for resistance, but also for the deformation stiffness and the deformation capacity. Three basic concepts may evaluate the resistance of bolted connections: The traditional background of most codes indicates the resistance F exp;1,5 by deformation of 1,5 mm. The conventional (elastic) limit of resistance F exp;conv define the resistance as the intersection of a straight line with the initial stiffness and of a straight line having the slope equal to stiffness divided by ten, which drawn as a tangent to the nonlinear part of the curve, see Fig. 3 . The conventional resistance depends more on the stiffness of the joint than on the type of failure. The ultimate design resistance F exp;ult depends strongly to the failure mode. It needs to be equipped by separate check at the serviceability limit state. The prediction of bearing resistance is simplified [2] in expression
where α is the smallest of 
γ Mb the partial safety factor, β R a reduction coefficient for resistance of connection with slotted holes. The Annex Z, see [8] , [9] and [10] , brings a standard procedure for determining partial safety factors from the results of tests. The number of test with slotted holes available is limited to 70. It is a limited number compare to the number of tests in background documents [9] . The Annex Z model allows comparing values of different tests. The variation in the prediction of the design model is determined from the tests (in term d). This variation is combined with variations of the other variables in the resistance function, with the variation in material strength and stiffness and variation in geometrical properties. Not all the variations in geometrical properties and in strength were accessible for slotted hole tests and assumptions have to be made for the error term. The calculation of the error term is using the data available ( [1] and [11] ) and is extended to all tests. The tests with repeated loading were also not taken into statistical calculation The β coefficient for the full set is below the β coefficient for very long slot due to small variation. The factor introduces higher errors, which are responsible for this low variation of the reduction factor β. The variation underlines the importance of division of the set into three sub-sets in order to predict more accurate results. 
DESIGN STIFFNESS
The application of component method requires tree basic steps: listing of the components of the joint, evaluation of force-deflection diagram of each individual component, in terms of initial stiffness, strength and deformation capacity, and assembly of the components in view of the evaluation of the whole joint. The stiffness, the resistance and the deformation capacity are assembled separately for simplicity. The cover plate connections may be dismantled into the components: plate in tension, bolts in shear, and bolts in bearing. Behaviour of each component may be predicted by bilinear model. Zoetemeijer [12] described the stiffness of components of the end plate joints based on non-linear prediction known from its resistance. The model was simplified by Wald and Steenhuis [13] applying the prediction of the stiffness at the elastic stage. A concentrated research of bolted angle cleats with un-threaded non-preloaded bolts in circular holes was finalised by Jaspart [14] with full description of the components behaviour. The model is explored in European design practice; see ENV 1993-1-1 (1998) [10] . The initial stiffness of the component bolt/plate in bearing is calculated as
with but Fig. 3 . The reduction of the initial stiffness due to the thread may be assumed as β S = 0,75, see [11] . The reduction due to the slot may be approximated as β S = 0,50, see [11] .
Two levels of modelling, like in the member design, are significant: at the design stage (with yield stress of steel f y ) and at the ultimate (using ultimate tensile strength f u ). For component in bearing the second stiffness may be applied to predict mode accurate the ultimate resistance with inclination 1/10 of the initial stiffness, see Fig. 9 and Fig. 10 .
ASSEMBLAGE
Based on the behaviour of each component the assembling may be provided based on the joint geometry, see [15] . The assemblage is shown at Fig. 5 for tree bolt rows. The compatibility conditions are e.g.
The total acting force is calculated as
The connection elongation is
With set of equations (4) till (9), the unknowns may be calculated at each load step, provided that the force-deflection diagram of each component is described. For more than tree bolt rows the FE code was used to assembly the diagrams represented as non-linear springs of components into the connection, which allows to include the gaps related to the production tolerances. The predicted stiffness of components was evaluated on tests with one bolt only, see Fig. 6, 7 , and 8. The components are in this case in series. The total deformation stiffness k tot of the connection may be calculated as
The good prediction of stiffness in case of slotted holes is illustrated at Fig. 7 For the test of assemblages, see [4] , the stiffness was calculated based on the characteristic values of the test set up geometry and the measured characteristics of the plate material. On Fig. 9 and Fig. 10 are compared the predicted force-deformation diagrams to the experimental values. The prediction was prepared based on the design model, using f y as well as for ultimate model based on f u . The non-linear part of the curve is simulated by linear approximation at 2/3 of the design resistance till 3 δ el . The prediction of stiffness and of resistance shows good accuracy of the presented model. The accuracy of the deformation capacity using simple assumptions described in [16] is limited. The model gives a conservative prediction of the available experiments, but the safety level is not included into the model yet. 
TOLERANCES
The influence of erection tolerances was observed on model of connections with eight bolts M16-8.8 in plate P16-800 S275 with the standard pitches 50 mm. The first and the last bolts are in contact. The gap of 2 mm; 1,5 mm; 0,5 mm; and 0 mm was simulated by the internal bolts. The influence of the tolerances during the loading is shown on the Fig. 11 . Distribution of the bolt forces during loading is presented at Fig. 12 . The bolt forces are reported in column diagrams for different assumption of the gap of internal bolts. In one diagram are collected force distributions for different gaps under one loading step represented by the connection total deformation. The deformation capacity of the joint allows eliminating the unfavourable influence of tolerances in cover plate connection [17] . The resistance may decrease in case of change from ductile bearing failure mode into brittle bolt shear failure mode by using the thick cover plates of very long bolt pitches. 
